ABSTRACT: Beach forests are important ecological zones in many coastal regions. Many are under increasing anthropogenic and natural stress. Beach forest changes and their causes were examined in three tsunami-impacted sites with different land-use/cover (LULC): Ban Nam Khem (BNK, fishing village), Khao Lak (KL, tourist destination), and Thai Mueang (TM, part of a national park). Vegetation surveys, GIS, and interpretation of time series IKONOS and THEOS imagery using supervised classification (ENVI 4.7) from 2003-2013 were performed. Six beach forest tree and shrub species were found in BNK and KL, dominated by Casuarina equisetifolia, while 24 tree/shrub species, dominated by Syzygium grande, were observed at TM. After the tsunami, beach forests were severely damaged in BNK (45%), KL (40%), and TM (23%). Recovery of beach forests in 8 years varied from BNK (58%), KL (39%) with low rates in KL and high rates in TM (62%). Substantial portions of the three sites were still characterized as beach forest in 2013, though the forests now included areas that had recovered from the tsunami damage and/or altered LULC (e.g., barren land to beach forests and vice versa). Anthropogenic factors represented 40% (BNK), 56% (KL), and 5% (TM) of the changes with urbanization being a leading cause in tourist areas (KL; 24%). The study highlights the need for improved understanding of beach vegetation, tsunami impacts, and LULC to provide sustainable management of beach forests in Thailand in three sites with different anthropogenic characteristics.
INTRODUCTION
Beach forests are typically found above the high-tide mark in sandy soils. Vegetation species are adapted for growing in extreme conditions and are resilient to the effects of wind, rain, waves, and salt spray from the ocean 1 . This habitat experiences wide variations in temperature, salinity, and humidity which influence the composition of plant species 2 . Beach forests are typically classified by their dominant species: in the Indo-Pacific Region, the dominant tree species are Barringtonia asiatica (L.) Kurz, Calophyllum inophyllum, Terminalia catappa, Pandanus tectorius Parkinson ex Zucc, Hibiscus tiliaceus, and Casuarina equisetifolia J.R. & G. Forst. 3 . In Thailand, the dominant species of beach forests are influenced to a large extent by soil substrate characteristics; larger sand grains are present closer to the beach while smaller grains are found landward 4 . The plant communities vary by distance from the high water mark based largely on sand grain size. As a general rule, starting from the high water line, beach forest communities are dominated by creeping plants, such as Vitex trifolia var. simplicifolia, Ipomoea pes-caprae Sweet, Spinifex littoralis (Burm f.) Merr., and Canavalia maritima (Aubl.) Thouars. Further inland creeping plants are replaced by shrub species represented by Scaevola taccada (Gaertn.) Roxb., and Tephrosia purpurea (L.) Soland. ex Correa 2 . Further landward, trees become dominant; in Thailand Casuarina equisetifolia is a dominant species on sandy beaches or sand dunes frequently seen as a pure stand 2 . As a more specific example the natural beach forest comprised 104 species in Sirinart national park, Phuket province, Thailand; a herbaceous zone with creeping plants extends 10-15 m from the beach, then a 5-10 m shrub zone which becomes dominated by trees further landwards 4 . The once large and mostly contiguous beach forests of Thailand now commonly exist as fragmented patches, a result of human activities 2 . This fragmentation has had many consequences, for example land-use/cover (LULC) changes are responsible for loss of biodiversity [5] [6] [7] [8] and potentially minimizes their ability to sustain costal ecosystems.
Beach forests play important roles in sustaining coastal ecosystems and local communities. The ecosystem functions by protecting sandy beaches against coastal erosion and the effects of winds and storms, and protects against damage caused by salt spray to human settlements or cultivation 9, 10 . Adjacent sandy beaches are important nesting sites for sea turtles 3, 5 . The 2004 tsunami impacted coastal areas of the Andaman Sea coast and the Bay of Bengal. Several studies were conducted dealing with the assessment of tsunami impacts to shorelines and the role of coastal vegetation in protecting local communities 11, 12 . As specific examples in this region, Pandanus odoratissimus L.f. and C. equisetifolia mitigated destructive tsunami forces, their effectiveness depending on the magnitude of the tsunami and vegetation structure 13 . Casuarina forests are generally negatively impacted by tsunamis in the Andaman Sea 14 , however, a surprising finding was that Casuarina forests remained undamaged after the 2004 tsunami devastated Hambantota City in southern coastal Sri Lanka 10 . Spatial details of coastal vegetation are often studied by, remote sensing, which can play an important role in assessing and monitoring at local scales 15, 16 . Satellite images in a time series sequence can assess changes from the present to several decades earlier 17 . On a larger scale, and directly relevant to this study, Quick Bird and IKONOS satellite images have been used for pre-tsunami and post-tsunami assessment of woody vegetation and Casuarina forests, showing how they provided protection to landward areas 18 . Previous literature 2, 5-7 describes how natural disasters and human uses of the coastal zone have impacted beach forest function. Accurate and reliable information on the rate and causes of deforestation of beach forests is not available for Thailand. Such information is needed to understand the ecology of beach forests and temporal changes over the long term. To address this knowledge gap, this study determined the distribution of beach forest diversity by employing a three-fold approach, using vegetation surveys, remote sensing, and geographic information system (GIS). The overall goals were to determine how much beach forest remains and to uncover the reasons for beach forest changes over the long-term, with emphasis on the 2004 tsunami event and delineation of natural versus anthropogenic causation over the 10-year study period in three coastal sites with different LULC characteristics.
Study sites
The study area as shown in Fig. 1 comprises three sites in a 41-km 2 long coastal strip of 1000 m width in Phang Nga province, Thailand, along the Andaman Sea coast. These three sites were intensively impacted by the 2004 tsunami. All three study areas still contain remnants of beach forests. However, one of the sites, Khao Lak, is under significant economic pressure from tourism and as a result likely to be further changed to urban or barren land. The areas are representative of different types of LULC that have impacted vegetation. Three study sites were also selected due to their unique characteristics, as follows. Ban Nam Khem (BNK) in the North (8°51 32 N, 98°15 46 E) represents a fishing village and is sparsely populated. The housing density is relatively low 19 . The topography is a flat area with a ground elevation of approximately 2-3 m, and in some areas up to 6 m. Several ponds are located in the village 19 . BNK was strongly impacted by the 2004 tsunami with run-up wave surges reaching 8-9 m in height and inundation extending up to 3 km landwards 20 . Khao Lak (KL) is situated between the two other study sites (8°44 26 N, 98°13 10 E). It is a rapidly growing tourist centre with large hotel complexes and sparsely distributed resorts in hilly terrain. The study area is interspersed with smaller freshwater ponds resulting from tin mining activities of the last century 21 . KL was the most heavily impacted area in Thailand following the 2004 tsunami with 80% of hotel capacity lost 22, 23 . The coastal area was strongly impacted by the tsunami with runup elevations mostly ranging from between 5 and 10 m, but up to 10-12 m were also observed 24 . Thai Mueang (TM) in the South (8°33 9 N, 98°12 18 E) represents a natural beach forest within a national park (Khao Lampi-Hat Thai Mueang national park). The national park covers the coastal area between Tap Lamru and Thai Mueang city.
MATERIALS AND METHODS
The study used multi-date IKONOS imagery acquired from the centre of Remote Sensing and Processing (CRISP) in Singapore and Spatial Dimen- 25, 26 .
Image preprocessing
Preprocessing of multi-temporal satellite images first involved registering imagery using a set of 53 ground control points (GCPs). The GCPs were selected from building corners, crossroads and noticeable landmark objects. The pre-tsunami scene of 2003 was initially registered. The GCPs and co-registration between the images gave coregistration errors of less than one-half pixel. Cloud masking was conducted using the 2003 and 2013 images; all images were trimmed by applying a function to a spatial subset of the image to the same size.
Ground truth
Fieldwork supported the classification of images and delineation of land cover and vegetation types. A total of 12 classes were established: agricultural land, aquaculture, beach forest, mangrove, coconut, Melaleuca forest, rain forest, swamp forest, other vegetation, barren land, urban, and water bodies.
The 12 LULC classifications in the study were observed and confirmed by ground truth surveys. Ground truth data were collected in July-August 2012. Beach forest areas are difficult to classify from satellite imagery, in part because they generally comprise mixed species 25, 27 and because they generally lack a coherent boundary. Hence extensive vegetation surveys of beach forest were used for their classification. Beach forests in BNK and KL are dominated by C. equisetifolia such that ground truth work was crucial. In TM the beach forests are far more diverse, but the forests have clear boundaries with adjacent Melaleuca, swamps, and mangrove forests.
Beach forest surveys were conducted to identify tree species diversity and distribution. Transects lines were mostly of 100 m in length, while some transects in BNK and KL were less than 100 m because the beach forest zones were frequently fragmented. Transects were sampled at 10 m intervals moving landwards using 10 × 10 m quadrat surveys conducted at random locations as selected by GIS. The quantitative analysis of tree species in beach forest community forests by using 10 vegetation transect surveys to calculate density, frequency, basal area and their relative values and Importance Value Index (IVI) 28 . The IVI value is scored from 0-300, and utilizes three characteristics such as density, frequency, and abundance by using the following formula: IVI = Density rel + Frequency rel + Abundance rel .
LULC classification procedure and accuracy assessment
Supervised classification was employed to generate LULC maps. Images were classified using signatures from training sites in Table 1 . Vegetation surveys in July-August 2012 were used to identify vegetation types and their distribution. A total of 12 classes were established: agricultural land, aquaculture, beach forest, mangrove, coconut, Melaleuca forest, rain forest, swamp forest, other vegetation, barren land, urban, and water bodies.
High resolution pan-sharpened imagery was used to visually select training areas to assess the accuracy of classifications 29 to ensure accurate change detection results. Images were used to visually select validation points for the 2003 and 2005 classification maps, and verified from the field trip, for accuracy assessment of classification maps for 2013. The number of reference test pixels 30 used for the assessment of accuracy varied with the representatives of each class. The number of training areas comprised at least 73 pixels for the assessment of classification results. The accuracy assessment process, it uses overall accuracy, kappa statistics, producer's accuracy, and user's accuracy to evaluate the performance of classifications. 
Vegetation data
A total of 24 tree and shrub species (Table 2) were identified in a total of 8300 m 2 from 10 beach forest transect lines. Four plant species dominated the overstory of the three study sites: C. equisetifolia, T. catappa, S. taccada, tree species, and P. odoratissimus, a shrub. These four species always occur in natural beach forests 2, 4, 27 . However, the characteristics of coastal morphology and soil substrates (e.g., sandy soil versus rocky shore) in each study site influenced species composition. Coastal study sites were located mostly in sandy shore areas, but rocky substrate was also present in areas of KL and TM.
In terms of tree species, the dominant species at BNK and KL was C. equisetifolia, which had the highest IVI value. This species extended from the vegetation line to 100 m landward. The lowest IVI value (36) for C. equisetifolia was observed in TM, a site that can be described as a mixed beach forest (Table 2 ) and as described below under comments about species diversity at the three sites. Another dominant species, T. catappa, was found in KL and TM more than at BNK.
As points of discussion (as background), it is important to consider why C. equisetifolia is dominant at two sites. A characteristic of C. equisetifolia is that it can establish and grow in barren land or sandy soil because of the root suckering habit and its 34 rapid growth 10 . In addition, C. equisetifolia is more resilient than other tree species and out competes other trees that cannot grow well under a closed canopy 9, 33 . Further, it is of note that these two sites where C. equisetifolia was dominant are the most anthropogenically impacted sites, suggesting that prior activities had altered the species diversity.
Rocky shores are prevalent at KL and TM. The dominant species, as expected, differ with this substrate relative to sand. Dominant tree species in rocky shore areas include Syzygium grande (Wight) Walp., Lepisanthes rubiginosa (Roxb.) Leenh., and Calophyllum inophyllum. These species become established at a distance 50-100 m landwards away from the salt spray zone.
Regarding shrubs, the dominant species at all three sites was Pandanus odoratissimus, with similar IVI values (12-14, Table 2 ). Scaevola taccada was also present at all three sites, with the highest IVI at TM; this is a common species of shrub zonation 4 , and co-occurs with other shrub species Allophylus cobbe, Crinum northianum, and Salacia chinensis ( Table 2 ).
In terms of species richness, the vegetation survey results indicated that BNK and KL have low species diversity of trees/shrubs (Table 2) relative to healthy beach forests 4 , signifying that these sites are under stress. It is impossible to determine from single-point-in time vegetation surveys if the pressures are natural and/or anthropogenic, but these questions are addressed below. However, it is of note that these two anthropogenically impacted sites also have C. equisetifolia as dominant, by a wide margin, suggesting that prior activities had altered the species diversity prior to our initial analyses in 2003. In contrast, species diversity is high at TM as exemplified by IVI values (Table 2 ) and confirmed by Shannon-Wiener Index analyses 34 . These figures are indicative of a healthy, non-perturbed environment, as might be expected for a national park within a larger and diverse ecosystem comprising rain forests, mangroves, Melaleuca, and swamp forests.
In terms of species richness, the vegetation surveys indicated that BNK and KL have low species diversity of trees/shrubs, with only six species present www.scienceasia.org (Table 2) . Inclusion of creeping plants would increase diversity to only 10 and eight species at these two sites, respectively. In contrast, species diversity was high at TM as exemplified by IVI values (Table 2 ) and confirmed by Shannon-Wiener Index analyses 34 . Trees/shrubs were dominant (24 species) at TM, and the presence of rocky substrates did not increase the number of species present (i.e., the same species were present on sandy soils and rocky substrates).
Initial conclusions are possible from these vegetation surveys. The low species diversity at BNK and KL, relative to healthy beach forests 4 , signify that these sites are/may be under stress. It is impossible to determine from single-point-in time vegetation surveys if the pressures are natural and/or anthropogenic, but these questions are addressed below. However, it is of note that these two anthropogenically impacted sites also have C. equisetifolia as dominant, by a wide margin, suggesting that prior activities had altered the ecosystem/species diversity prior to our initial analysis in 2003. The higher number of species, as confirmed by ShannonWiener index analysis, for TM are indicative of a healthy, non-perturbed environment, as might be expected for a national park within a larger and diverse ecosystem comprising rain forests, mangroves, Melaleuca, and swamp forests.
LULC classification
Determinations of LULC characteristics in the study areas were derived from high-resolution IKONOS and THEOS satellite imagery. Verification was done by visually detecting land covers (e.g., rivers, shorelines, roof of a specific building, mangrove forests) from the pan sharpened images Table 3 ). The lowest kappa value was from 2013 which comes from classification of THEOS imagery. The lowest value was related to the inherent properties of pansharpened images. The THEOS pan-sharpened image was sharpened with a panchromatic band and a multispectral band, the consequence of such a technique can cause discolouration, which affects classification 35 . LULC classification of the coastal zone was conducted for the pre-tsunami (2003) (Table 4) , data analyses revealed that BNK displayed the highest amount of barren land at 37% in 2003, decreasing to 25% in 2013. In this study, barren land comprised areas destined to be used for construction and/or agriculture. Urban areas increased from 5% to 11% of the total in 2013 in BNK. This slight increase of urban areas in BNK over the last 10 years suggests the small fishing community did not encroach substantially on these areas.
LULC characteristics of KL were similar to BNK. Barren land in KL in 2003 represented the greatest cover at 31%, decreasing to 18% in 2013. During the same period, urban area increased from 10% to 19%, likely representing conversion of barren land into urban properties. Increased urban area may be due to increasing pressure from tourism-related development. Nevertheless, classification of LULC in KL showed that coconut plantations covered 17% of the total area in 2003, decreasing to 10% and 11% in 2005 and 2013, respectively, likely reflecting damage from the 2004 tsunami couple with the slow recovery of coconut plantation. Low recovery can be consequence of human activity (e.g., burning, cutting, and building) this area 31 . The site at TM is partially protected by its national park status. Associated ecosystems include natural rain forests, mangroves, Melaleuca forests, and swamp forests. The greatest percent of vegetation cover is represented by rain forests while mangroves and beach forests account for 19%, and 18%, respectively. However, in 2003 coconut plantations covered 3% of the total area, which has been the case since establishment of the national park 34 .
Change detection of beach forest from 2003 to 2013
Results from change detection analysis showed that beach forest coverage changed in two periods from (Table 5 ). The greatest change was observed after the tsunami, from 2003 to 2005 at all three sites. The largest change in beach forest cover was observed in 2005 in BNK (−45%), followed by KL (−40%), and TM (−23%). At both KL and BNK, the unaffected (i.e., no change) areas were 0.1 km 2 while TM had 1.3 km 2 of undamaged coverage. The more severe damage at KL and BNK is likely related to the dominance of Casuarina forests at these sites, as revealed by vegetation surveys (see above) and described in the next paragraph. The number in brackets is the percentage of total area at the study site. The number in brackets is the percentage of total area at the study site.
Coastal forests, including beach (and Casuarina) forests and mangrove forests in Thailand, play a vital role in affording protection against natural events such as storms and tsunamis 36 . From previous observations by Römer 25 , using remote sensing techniques to assess impacts on coastal forests in Phang Nga province, Casuarina forests were reported as being severely damaged by tsunami impacts (38% damaged), which is similar to damage reported here for BNK (45%) and KL (40%). According to IUCN 37 , Casuarina trees taller than 20 ft were broken yet survived in southwest Thailand following the tsunami. Also, Tanaka 33 noted that small diameter (d < 0.07 m) C. equisetifolia were broken by a 5-m high tsunami at Sri Lanka and western cost of Thailand. On the other hand, the slightly older plantations of C. equisetifolia (d > 0.1 m) proved more resilient. Regarding the heavy damage at BNK and KL beach forests observed in this study, the Casuarina forests, which were dominant at BNK and KL, were almost certainly composed of young/small diameter trees, a theory supported by interviews with local inhabitants of these areas held as part of the vegetation survey research.
Römer 25 reported that mangroves suffered greater tsunami-related damage (55%), relative to Casuarina, in Phang Nga. This contrasts with vegetation analyses conducted here. The results here show small changes at all three sites over the entire 10 year study period, including 2003 versus 2005, the time frame analysed by Römer 25 (Table 4) . This difference in mangrove damage probably is because mangrove forests at BNK, KL, and TM are further inland than those studied previously 25 . The rate of beach forest recovery was examined from 2005 to 2013 (Table 5) . During this period, the recovery rate at BNK and KL was 58% and 39%, respectively, and the highest by 62% occurred in TM, likely reflecting that is an undisturbed area protected by the national park.
Römer 26 studied coastal vegetation recovery after the tsunami in Phang Nga Province by remote sensing, reporting that the recovery of Casuarina was less than grassland and coconut plantations, but more than mangrove. The Casuarina recovery rates are similar to data reported here (Table 5) , but are discussed in more detail in the next section dealing with anthropogenic (i.e., coconut plantations) and natural (grasslands) factors influencing causes and rates of LULC changes. In terms of The number in brackets is the percentage of total area at the study site.
recovery from natural events, such as tsunamis, C. equisetifolia is a pioneer species, permitting early colonization. Furthermore, C. equisetifolia does well in competition with other vegetation, frequently existing as pure stands and sparse understory vegetation 26 . If sufficiently extensive, coastal vegetation can absorb enough of the tsunami energy, it would reduce the flow velocity and depth of the wave, but its effectiveness depends on the magnitude of the tsunami, as well as stand size, density, species composition, structure, and homogeneity 1, 36 . Tanaka   33 suggested that the leading edge of the forest close to the sea should have dense vegetation such as a Pandanus-Casuarina belt.
Beach forest LULC changes-causes and rates
Change detection results based on beach forest classification categories from 2003 to 2013 are shown in Table 6 . For the change detection analysis, six categories were defined: no change (relates only to beach forests), water, urban, barren land, agricultural land, and other (defined here, more broadly than above, as mangrove, Melaleuca forests, rain forests, swamp forests, and other vegetation). Beach forest area remained unchanged at TM (87%) followed by BNK (30%) and KL (34%). These findings suggest that considerable change did occur in the beach forest areas, over the 10 year period, especially at BNK (70%) and KL (66%). The causes and rates of these changes are described below.
Beach forests were transformed over the longterm (10 years) into various other categories (Table 6 ). In BNK, the greatest LULC change was to other (29%) and barren land (27%). However, both classes of change may lead to a wide range of utilization in the future (e.g., barren land may be converted to construction and/or agriculture, while the 'other vegetation', a component of other, is subject to urban development). Human activities led to changes in urban area (7%) and agricultural land (6%), the latter dominated by coconut plantations and orchard plantations.
A major change in beach forest cover in KL was the conversion to barren land (29%), urban area (24%) and agricultural land (3%), which is dominated by coconut plantations. Conversion to urban area was larger at KL than in the other study sites. At KL, a popular coastal tourism spot on the Andaman Sea, the 2004 tsunami destroyed approximately 90% of the hotels and buildings in the coastal areas 38 . In TM, beach forest changed by only 13%, being converted to barren land (5%) and other class (7%); the other classes were grass land areas and other vegetation. However, the greatest area of unchanged beach forest was observed in TM (2.47 km 2 ), followed by BNK (0.15 km 2 ), and KL (0.14 km 2 ).
CONCLUSIONS
Beach forests are important components of marine ecosystems in tropical coastal regions, yet they have been studied only sparsely in Thailand. In three sites, with different LULC characteristics, in Phang Nga Province, the beach forest species and distribution was, more or less, similar to sites found elsewhere. Species diversity of beach forests however was low at the two sites with higher anthropogenic activity, while the most preserved site, within a national park, had high species diversity. This study presents a quantitative assessment of beach forest species, and applied remote sensing for assessing beach forest distribution and change in tsunami-affected areas from 2003 to 2013. Vegetation surveys indicated lower beach forest tree/shrub species richness at BNK and KL (6 spp.), and much higher tree/shrub richness at TM (24 spp.). The study integrated remote sensing and change detection techniques to effectively reveal the spatial and temporal dynamics of beach forests following the tsunami.
The greatest destruction by the tsunami occurred in BNK, followed by KL and least in TM because the beach forest areas at BNK and KL were disrupted by human intervention on the coastal zone. Recovery varied from BNK (58%), KL(39%) with low rates in KL probably due to beach forest areas disturbed by anthropogenic factors (e.g., hotel construction, coconut plantations and agricultural activities) while high rates in TM (62%) ascribed to undisrupted areas. Findings will contribute to providing support to decision makers in identifying possible areas for beach forest restoration and highlights the need for a better understanding of plant community diversity.
The LULC mapping demonstrated that coastal areas had changed; the data can be applied for land use planning in the coastal zone. Future research should focus on using imagery of equivalent and higher spatial resolution for mapping beach forest species. Additionally, more detailed spatial information, such as environmental conditions for specific plant species, would be informative.
